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Abstract
We present here the temperature dependence of heat capacity (C(T )) and
thermal conductivity (κ(T )) in the superconducting state as well as in the
normal state of as-cast V1−xZrx alloys. Distinct jumps in the C(T ) of the
alloys indicate the presence of three superconducting phases with transition
temperatures TC1 = 5.4 K, TC2 = 8.2 K and TC3 = 8.5 K. From the metal-
lography micrographs, these three phases are identified to be β-V, γ-ZrV2,
and γ′-ZrV2 respectively. Apart from these phases, α-Zr and β-Zr phases
are also detected in these samples. The experimental κ(T ) in the supercon-
ducting state of these alloys is observed to be significantly higher than that
expected theoretically. Our analysis suggests that the above observation is
due to the coexistence of multiple superconducting and non superconducting
phases which resulted in the two-parallel channels for the conduction of heat.
Keywords:
V-Zr alloys, thermal conductivity, superconductivity, multiple structural
phases.
1. Introduction
The C15 Laves phase (Hf,Zr)V2 based superconductors have been consid-
ered to be promising materials for high field applications as an alternative to
the Nb based alloys and compounds [1, 2, 3] as well as for superconducting
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applications in the neutron radiation environment [4, 5]. Certain V-(Hf,Zr)
composite tapes have exhibited a critical current density (JC) larger than
that of Nb3Sn in fields higher than 14 T and at temperatures below 4.2 K [3].
However, these C15 Laves phase materials are soft [6] and brittle at room
temperature and below [2], and need to be processed through engineering
techniques for possible technological applications. Current interest in these
materials stems from the recent developments in the processing technologies
such as the powder in tube (PIT) technique, rapid heating and quenching
(RHQ) and the rod restack process etc., for fabricating superconducting wires
[7, 8]. Recently, we have shown that the multicomponent V1−xZrx alloy su-
perconductors are potential candidates for high field applications [9].
In this article we show that the electrons are the major carriers of heat
in these as-cast V1−xZrx alloys. The thermal conductivity in the supercon-
ducting state of these alloys is larger than that expected for the Bardeen-
Cooper-Schrieffer (BCS) type superconductors. Our analysis suggests that
this discrepancy is due to the existence of two parallel channels for the con-
duction of heat in these alloys.
2. Experimental Details
The V1−xZrx (x = 0-0.4) alloys were prepared by taking elemental vana-
dium (Alfa Aesar, 99.8%) and zirconium (Alfa Aesar, 99.99%) in stoichio-
metric proportion and melted together in a tri-arc furnace in Ar (99.999%)
atmosphere. The buttons were remelted six times to ensure homogeneity.
The details of metallography can be found elsewhere [9]. The temperature
dependence of resistivity, heat capacity and thermal conductivity were mea-
sured in a 9 T Physical Property Measurement System (PPMS, Quantum
Design, USA).
3. Results and Discussion
The equilibrium phase diagram of the V1−xZrx alloys shows a peritectic
isotherm at 1300 0C for the 0.02≤ x ≤ 0.33 alloys and an eutectic isotherm at
1230 0C for the 0.33≤ x ≤1 alloys [10]. In the peritectic reaction, solid β-V
phase formed out of the melt reacts with the remaining liquid to form the
γ′-ZrV2 phase. In the eutectic reaction, the liquid being cooled transforms
into β-Zr and γ-ZrV2 phases [11]. Upon further cooling, the β-Zr phase
transforms below 777 0C into the α-Zr phase. The solubility of zirconium in
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Figure 1: (colour online) SEM metallographic images of the V1−xZrx alloys for x = (a)
0.20 and (b) 0.40. During the preparation of the sample, temperature drops sharply from
the molten state which leads to eutectic reaction even in these alloys.
vanadium at room temperature is only about 2% [11]. However, when cooled
rapidly, the partial completion of the peritectic reaction results in the eutectic
type reaction even in the 0.02≤ x ≤ 0.33 alloys[9]. Therefore, five different
structural phases namely β-V, γ-ZrV2, γ
′-ZrV2, β-Zr and α-Zr are observed
in the present alloys [9]. Figure 1 shows the high resolution scanning electron
microscopy (SEM) images of x = (a) 0.2 and (b) 0.4 alloys. The big plain
grains in Fig. 1(a) and Fig. 1(b) are the β-V and γ′-ZrV2 phases respectively.
The lamellar structure in both these alloys contains γ-ZrV2 and α-Zr phases.
The details of microstructures of the as-cast V1−xZrx alloys (non-equilibrium
phase diagram) can be found elsewhere [9].
Figure 2 shows the temperature dependence of heat capacity (C(T )) of the
V1−xZrx alloys in the absence of applied magnetic field. The C(T ) data for
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different alloys have been shifted vertically for clarity. We have observed that
all the alloys with x ≥ 0.1 show three distinct features (marked by arrows) in
the C(T ) below 10 K. A slope change and a small hump is observed at about
8.5 K whereas a clear jump in C(T ) is observed at about 8 K. The γ-ZrV2 has
a superconducting transition temperature in the range 8-9 K. The smallness
of the change in C(T ) at about 8.5 K indicates that this feature is due to
the superconductivity in γ′-ZrV2 phase. This is because of the fact that the
volume fraction of the γ′-ZrV2 phase formed around the grain boundaries of
the β-V phase is quite small. The feature at about 8 K, which is prominent
in the x = 0.29, 0.33 and 0.40 alloys, is due to the superconductivity in the
major phase γ-ZrV2. The jump in the heat capacity at about 5.4 K is due
to the superconductivity in the β-V phase.
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Figure 2: (colour online) Temperature dependence of heat capacity of the V1−xZrx al-
loys in the absence of applied magnetic field. The data for different alloys have been
shifted vertically. Three distinct features marked by arrows indicate the superconducting
transitions.
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Figure 3: (colour online) (a) Temperature dependence of normal state κ(T ) of the V1−xZrx
alloys in the temperature range 7-50 K. The open symbols are the experimental data. The
solid lines represent the fit to the data. The κ(T ) reduces with increasing Zr-content. (b)
The κ(T ) of the V1−xZrx alloys below 10 K measured in the absence of magnetic field
(open symbols) and in the presence of 8 T field (closed symbols). The dotted lines are
the normal state κ extrapolated in the range TC to 2 K from the fitting. The data for
different alloys have been shifted vertically. The superconducting transition temperatures
are marked by arrows.
Figure 3(a) shows the temperature dependence of the normal state κ(T )
of the V1−xZrx alloys. The open symbols are the experimental data. The
κ(T ) decreases as the amount of zirconium in vanadium is increased. For
all the alloys, κ(T ) is linear below 20 K. Figure 3(b) shows the temperature
dependence of thermal conductivity (κ(T )) of the V1−xZrx alloys below 10 K
measured in the absence of magnetic field (open symbols) as well as in the
presence of 8 T field (closed symbols). The data for different alloys have
been shifted vertically for clarity. In the absence of applied magnetic field,
the κ(T ) starts to decrease when the temperature is decreased below TC3 =
5
8.5 K. These results indicate that the electrons are the major carrier of heat
in these alloys. Since the change in κ(T ) across the TC is quite small, distinct
features at about 8 K and 8.5 K are not visible.
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Figure 4: (colour online) Results of the analysis of the κes(T ) of the V1−xZrx alloys. The
open symbols represent experimental data. The dashed line corresponds to the normal
state data. The dotted line in (b) is the κei,s obtained from BCS theory for the x = 0.40
alloy. The κei,s is quite small in comparison to the experimental data. This is true for
other alloys as well. The solid lines are the fit to the data using a parallel channel model
for heat conduction.
For a superconductor, the κ(T ) can be expressed as [12],
κz = κez + κlz, (1)
where the electronic part of the thermal conductivity κez limited by the
scattering from impurities and phonons can be expressed as [12]
κ−1ez = κ
−1
ei,z + κ
−1
el,z. (2)
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Here, κ−1ei,z and κ
−1
el,z are the thermal resistivities due to the scattering of
electrons from the defects and phonons respectively. The subscript z = n
represents the normal state and z = s represents the superconducting state.
In the normal state, κ−1ei,n = AT
−1 and κ−1el,n = BT
2 + O(T 4) where A and
B are constants and the exact form of κel,n can be found in Ref. [12]. The
phonon thermal conductivity κlz is given by [13, 14]
κlz = MT
3
∫
∞
0
dx
x4ex(ex − 1)−2
N + LxT + Cg(x)xT + Px4T 4
, (3)
where M = k4B/(2pi
2
~
3vs), kB is the Boltzmann constant, vs is the sound
velocity and ~ is the reduced Plank’s constant. The coefficients N , L, C and
P represent the strength of phonon scattering due to boundaries, dislocations,
electrons and point defects respectively. The g(x) is the ratio of the phonon-
electron scattering cross-sections in the superconducting and normal states
[15] and x = ~/kBT is the phonon frequency. The g(x) goes to unity in the
normal state.
The metallography images shown in the Fig.1 as well as the analysis of
the pinning force density of these alloys [9] indicate that the grain boundaries
and the point defects influence the properties of these alloys. Therefore, we
have taken C = 0 and L = 0 for the analysis of the κn(T ). Since, the
Debye temperature (θD) cannot be extracted reliably from the temperature
dependence of heat capacity due to the presence of multiple structural phases,
we have used θD as a parameter in fitting the κn(T ). Thus, the fitting of the
κn is carried out in the temperature range 6-50 K using five parameters: A,
B, θD, N and P .
The solid lines Fig.3(a) represent the fit to the κn and the parameters
are listed in Table 1. We found that the data can be fitted best with these
parameters only. The results of the analysis of the κ(T ) of vanadium is
presented elsewhere [14]. We see that the electrons are the major carriers of
heat in the normal state of V1−xZrx alloys. The static defects such as grain
boundaries and point defects limit the heat carried by the electrons. We also
found that the phonons are ineffective in limiting the electronic heat flow
below 10 K as A >> B. The dotted lines in Fig.3(b) are the extrapolated
normal state data (since the alloys do not become normal below 6 K in 8 T
field) at low temperatures. The heat conduction by phonons at a temperature
below TC is same (due to C = 0) in both the superconducting and normal
states of these alloys. Therefore, the variation of κs(T) is dictated by κei,s
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Table 1: Values of parameters obtained by fitting κn(T ) and κs(T ).
x A B θD N/M P/M c
(mW−1K2) (mW−1K−1) (K) (mW−1K4) (mW−1)
0.05 2.09 5.99×10−6 421 8.53×103 0.017 0.95
0.10 3.52 7.24×10−6 430 1.15×104 0.017 0.9
0.20 4.39 8.14×10−6 397 4.54×104 0.013 0.9
0.29 5.84 9.19×10−6 415 3.99×104 0.024 0.85
0.33 6.87 11.32×10−6 397 9.07×104 0.018 0.8
0.40 8.27 10.66×10−6 428 1.88×105 0.011 0.8
To analyse the κs(T ) in the superconducting state, we have subtracted
the κln from the κs to obtain κes(T ). The κei,s is given by Bardeen-Rickayzen-
Tewordt [15] as
κei,s
κei,n
= Rei
=
1
f(0)
[f(−y) + yln(1 + exp(−y)) +
y2
2(1 + exp(y))
] (4)
where y = ∆(T )
kBT
(∆(T ) is the superconducting energy gap), and the Fermi
integral f(−y) is given by f(−y) =
∫
∞
0
zdz
1+exp(z+y)
.
Figure 4 shows the analysis of the κes(T ) of the V1−xZrx alloys. The
open symbols represent the experimental data. The dashed line is the κen.
All the samples show deviation from the normal state data below 8.5 K
which corresponds to the TC of the γ
′-ZrV2 phase. Since the change in κ
just below TC is quite small, we can assume that the TC of both γ
′-ZrV2 and
γ-ZrV2 are same and equal to 8.5 K for the analysis of κes. The deviation
from the normal state data below 8.5 K increases with increasing x. The
dotted line in (b) is the κei,s for the x = 0.40 alloy obtained using eq.4.
To estimate κei,s, we have used ∆/kBTC = 1.9 obtained from the analysis
of C(T ) of an annealed ZrV2 sample which has only γ and γ
′ phases (not
shown here). We find that experimental value of κes(T ) of x = 0.40 alloy
is higher than the κei,s obtained from the BCS theory and is true for other
alloys as well. This suggest that there is an additional channel for heat
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conduction in these samples. The phases such as α-Zr, β-V and β-Zr are
not superconducting in the temperature range about 5-8.5 K. Therefore, in
this temperature range, a normal channel for heat conduction is available
in parallel to the superconducting channel. In such cases, by taking two
conducting channels in parallel, the temperature dependence of κei,s can be
expressed as
κ−1es = (1− c)κ
−1
ei,s + cκ
−1
ei,n. (5)
Therefore,
κes =
κei,nRei
cRei + (1− c)
, (6)
where c is the weight factor for the thermal resistivity in the normal state
of ZrV2 phase. The solid lines are the fit to the data obtained using eq.5. The
values of c are given in table 1. It is observed that c = 0.95 for x = 0.05 and it
decreases with the increasing x. For x = 0.40 alloy, the c turns out to be 0.8.
The κes ≈ κei,n at T ∼ TC = TC3 as cRei >> (1 − c) (Rei ≈ 1 at T = TC).
On the other hand, the κes ≈ κei,s at T << TC = TC3 as cRei << (1 − c)
(Rei ≈ 0 at T = TC). Figure 4(a) shows that there is a significant deviation
of the fitted curve from the experimental data below 5 K for x = 0.05 and
0.10 alloys. In these alloys, the volume fraction of the β-V phase is quite
large [9] and hence, the thermal transport below 5 K is dominated by the
β-V phase. The volume fraction of the β-V phase is quite small for x =
0.20, 0.29 and 0.33 and it is insignificant for x = 0.40 [9]. Therefore, the fit
using the parallel channel model is good over the entire temperature range
of measurement for the alloys with x ≥ 0.20. These findings are significant
towards the realization of the V-Zr based superconducting wires for high field
applications.
4. Conclusions
In conclusion, the experimental thermal conductivity in the supercon-
ducting V1−xZrx alloys is observed to be larger than that expected from the
BCS theory. We show that the coexistence of multiple superconducting and
non superconducting phases results in the two-parallel channels for heat con-
duction. We have also shown that in the superconducting state, more than
80% of the heat is carried by the normal channel. These findings along with
9
the large JC make these alloys as potential candidates for high magnetic field
applications.
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